Background and Purpose: Clinical and experimental data indicate that hyperglycemia can aggravate the consequences of stroke and cerebral ischemia. The purpose of this study was to examine the effects of moderate hyperglycemia on the response of the blood-brain barrier to normothermic (37°C) and hypothermic (30°C) global forebrain ischemia.
rats H ryperglycemia has been shown to worsen ischemic outcome in various models of global and focal cerebral ischemia.1-7 Myers and Yamaguchi' first reported that monkeys given glucose before cardiac arrest developed greater neurological disturbances and more severe histopathological injury compared with normoglycemic animals. In another study, Siemkowicz and Hansen2 showed that normoglycemic rats survived chronically after 10 minutes of complete ischemia, but hyperglycemic rats died within 24 hours. In a model of forebrain ischemia, Pulsinelli and colleagues5 reported that rats given glucose before a 20-minute ischemic insult demonstrated augmented morphological damage and brain edema. Enhanced brain damage after hyperglycemic cerebral ischemia is be-See Editorial Comment, p 116 lieved to be a consequence of increased lactate production leading to neuronal or astrocytic acidosis. 8, 9 Clinical findings indicate that elevated levels of blood glucose are a risk factor for stroke and are associated with a worse prognosis. [10] [11] [12] In a retrospective review of 39 stroke patients, Berger 
Morphological Study
After the 20-minute ischemic insult, carotid ligatures were removed and cerebral recirculation was initiated. Blood kept at 37°C was reinfused to restore arterial blood pressure to 100-120 mm Hg. At 15 minutes after the start of recirculation, 30 mg/ml horseradish peroxidase (HRP, type II, Sigma Chemical Co., St. Louis, Mo.) dissolved in 1 ml saline was injected intravenously over a 2-minute period. Thirty minutes after the start of recirculation, rats were perfused transcardially with 0.9% saline followed by 2% paraformaldehyde and 2.5% glutaraldehyde in a 0.1 M sodium phosphate buffer. Brains were then processed for the microscopic visualization of HRP by methods previously described. 14 To determine the relative density of leaky vessels per hemisphere, we counted the permeable sites in drymounted Vibratome sections of individual brain re- of leaky vessels were determined in cortical and striatal areas. At the level of the anterior hippocampus, the number of leaky vessels was also determined in the parietal cortex, thalamus, and hippocampus. Finally, leaky sites were counted in the cerebellar cortex and medulla. BBB alterations were then grouped according to a semiquantitative scale: O=no leakage in a given brain region; 1 =few leaky vessels (less than three); 2=many leaky vessels (greater than three). Physiological data were compared by one-way analysis of variance. The Scheffe's and Dunn procedures were used to correct for multiple comparisons.20 Semiquantitative BBB data were compared using the Kruskal-Wallis one-way analysis of variance by ranks. Table 1 summarizes the physiological findings in preischemic rats. Blood glucose values were significantly elevated in both normothermic and hypothermic hyperglycemic rats compared with saline-treated rats. No significant differences in any of the other physiological variables were noted between the experimental groups.
Results

Physiological Variables
Normoglycemic Rats
In normothermic ischemic rats given saline, extravasated HRP was seen throughout the cerebral cortices of four of five rats ( Figure 1A , Table 2 ). Symmetrical patches of extravasated HRP were commonly columnar in orientation and associated with penetrating vessels. Extravasated HRP was also observed within surrounding neuronal cell bodies and processes. Mild striatal and hippocampal leakage was seen in five hemispheres. In the striatum, extravasated HRP was detected within the dorsolateral portion of that structure. In two of five rats, unilateral BBB breakdown was also seen in the thalamus. In these cases, leakage was mild and restricted to the ventrolateral thalamic nucleus. In other brain regions, extravasated HRP was not seen.
Hyperglycemia
In hyperglycemic rats that underwent normothermic brain ischemia, HRP extravasation was more widespread and severe than that observed in rats under normoglycemic conditions (Figures lB-iF, 2A, and 2B; Table 2 ). In this experimental group, extravasated HRP was detected throughout the cerebral cortex, striatum, septum, hippocampus, thalamus, and cerebellum. In the cingulate cortex, protein extravasation was intense and gions. At the level of the anterior commissure, numbers frequently involved the corpus callosum (Figure 2A) . Within the somatosensory cortex, extravasated HRP was associated with penetrating vessels. Pial vessels also demonstrated extravasated HRP, with brain surfaces being outlined by reaction product. In the striatum, extravasated HRP was pronounced in the dorsolateral sector and occasionally associated with the lenticulostriate artery. Within the hippocampus, leaky vessels running within the hippocampal fissure were also commonly observed ( Figures 1C, 1E , and 2B). Focal sites of thalamic BBB disruption were detected in all five hyperglycemic rats and involved the ventrolateral nucleus and lateral reticular nucleus. Extravasated HRP within the cerebellar cortex ( Figure 1F ) was detected in three of five rats, whereas focal leakage within the brain stem was seen in two of five rats.
Hypothermia
Intraischemic hypothermia (30°C) significantly attenuated the BBB consequences of hyperglycemic brain ischemia ( Table 2 , Figures 2C and 2D ). In three of five rats, sites of dense extravasated HRP were not apparent. In the two rats that demonstrated extravasated HRP, the reaction product was both mild and diffuse. Hyperglycemia has been shown in some ischemia models to accentuate postischemic brain edema.5,23 In one study, preischemic hyperglycemia significantly increased brain water in rat forebrain structures 24 hours after global ischemia compared with normoglycemic rats.5 In another study, although both normoglycemic and hyperglycemic rats displayed an increase in brain water at 1.5 hours after 10 minutes of forebrain ischemia, the resolution of brain edema was slower and more variable in the hyperglycemic rats. 23 In that study, although the initial increase in brain water was fully resolved by 12 hours in hyperglycemic rats, a secondary increase in water was reported at 24 hours. Although some studies have demonstrated a close correlation between brain edema and the extravasation of protein tracers,24-26 regional measurements of brain water are required to determine whether the present BBB alterations are associated with increased edema formation.
The detrimental effects of preischemic hyperglycemia on cerebral blood vessels and postischemic cerebral blood flow have been documented previously.3'27'28 Paljarvi and colleagues27 reported that glucose pretreatment caused vascular endothelial swelling and luminal narrowing after 30 minutes of global ischemia in rats. It is not known how hyperglycemia may affect endothelial structure or worsen postischemic BBB breakdown. Because immediate postischemic BBB opening may be the result of reactive hyperemia,29 hyperglycemia and subsequent tissue lactate acidosis may be affecting the magnitude of the hyperemic phase. This hypothesis is consistent with published data indicating that the duration and regional patterns of postischemic hyperemia vary significantly after complete and incomplete ischemia.28,30
Preischemic hyperglycemia has been shown to enhance neuronal and glial injury after global forebrain ischemia.5 Thus, the present microvascular findings could also be a secondary response to neuronal or astrocytic damage. Injured neurons may release permeability-inducing substances, including platelet activating factor, serotonin, or possibly free radicals, which could promote BBB disruption.31-34 Because astrocytes are involved in the maintenance of the BBB,35 injury to this cell type under hyperglycemic conditions might also lead to permeability alterations. The mechanism by which hyperglycemia affects postischemic BBB disruption may be multifactorial, possibly involving several vasoactive substances as well as multiple cell types.
In summary, hyperglycemic brain ischemia carried out under normothermic conditions led to acute postischemic BBB damage. Intraischemic hypothermia significantly attenuated the BBB changes. In addition to neurons and astrocytes, hyperglycemic ischemia severely affects cerebrovascular endothelial integrity.
Increased postischemic vascular permeability may represent an important pathomechanism by which hyperglycemia worsens ischemic outcome. Editorial Comment
This study represents an extension of previously published work from this laboratory with respect to the effects of transient forebrain ischemia (four-vessel occlusion model) and the influence of intraischemic temperature on horseradish peroxidase extravasation during the acute recirculation period.12 The new findings presented in this report are that hyperglycemia worsens the blood-brain barrier (BBB) breakdown and that modest intraischemic hypothermia can attenuate this effect of hyperglycemia. The extravasation of a plasma protein marker could be taken as evidence that this model gives rise to a vasogenic edema in the immediate postischemic period, which in turn may contribute to a worsened outcome.3 The major implications of this work are the following: 1) the worsened outcomes associated with intraischemic hyperglycemia described in many earlier studies may have a BBB breakdown and/or cerebral edema component; and 2) modest hypothermia, as well as protecting neurons, can "protect" the BBB from the damaging influences of hyperglycemia. This simple, descriptive study does not provide any clues as to the cause for the observed BBB changes, including whether the changes are the result of a primary action W D Dietrich, O Alonso and R Busto ischemia in rats.
Moderate hyperglycemia worsens acute blood-brain barrier injury after forebrain
